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SYNOPSIS: Offshore structures are subjected to the action of wind, wave, sea storms, and
earthquakes, and transmit dynamic loads to the underlying soils. This paper highlights the
The motion
role of soil dynamics in the design of foundations for offshore structures.
The
characteristics associated with storm waves and earthquake loading are discussed.
necessity to consider earthquake load in addition to the environmental loads depending on the
The paper also presents the results of
location of the offshore structure is discussed.
d¥narnic test on a single pile and a comparison of the observed and predicted response of the
Plle.
INTRODUCTION
Offshore structures consist of production
platforms and other structures or structural
components of system such as offshore storage
facilities, combination storage and production
structures and coastal research, and support
Some nuclear power plants are
facilities.
These structures are
also located offshore.
subjected to combination of static and dynamic
Dynamic loads are ocassioned by sea
loads.
storms, hurricanes, earthquakes and tsunamis.
The discussion in this paper is confined to
Design of
dynamic loading situations only.
marine structures was earlier based on the
maximum wave and wind forces likely to occur
during the lifetime of the structure (Fisher,
(1978)).
et.al
Floss
(1975),
et.al
Consideration of earthquake loads was usually
neglected because most structures were being
areas.
seismic
inactive
in
constructed
However, later on , this trend changed and
many offshore structures were placed in active
seismic zones such as santa Barbara Channel,
the Gulf of Alaska and the Indian Ocean.
Areas offshore of Alaska, New Zealand, Japan,
India and Taiwan are in major earthquake
of
chances
the
Consequently,
belts.
combination of wave and wind loads being
superseded by the seismic loading increased
and in some cases they had to be combined with
earthquake loads. Although the wind, wave and
earthquake loads are all cyclic in nature,
they differ in regard to point of application
on the structure, duration, frequency and
Figure 1 shows typical offshore
amplitude.
structures with various loads acting. Taking
an overall view of the problem; the design and
analysis of the offshore structures under
problem
essentially a
is
loads
dynamic
involving dynamic soil structure interaction.
This paper examines some important aspects of
dynamic loading of marine soils and the
associated problems in which a knowledge of
soil dynamics will be helpful in arriving at a
rational solution of the particular problem.

Information on cyclic strength of clays and
silts of low plasticity is also included.
Since many of the offshore structures are pile
supported, the paper also aims to discuss the
comparison of computed and predicted pile
response since very little information is
The dynamic
available on the subject.
response of a 45 ern diameter pile driven 17 rn
into a deposit of medium silty clay was
monitored by conducting vibration tests. The
soil properties were determined by conducting
in-situ tests.
THE NATURE
STRUCTURES
Offshore.
types:
1)
2)

OF

DYNAMIC

structures

are

LOADS

ON

generally

OFFSHORE
of

two

Gravity type
Pile supported or jacket type

Schematic sketches for these two types of
offshore structures are shown in Fig la and 1b
respectively.
The loads to which offshore structures may be
subjected area as:
1)
2)
3)
4)

Static Loads
Environmental Loads
seismic Loads
Tsunamis

static loads are mainly the gravitational
loads of the structure. A significant portion
of the load on the offshore structure consists
of the environmental load arising out of the
action of wind, sea currents and waves and sea
storms. These loads are generally referred to
An offshore structure may
as wave loads.
experience environmental loads that are much
more severe than the environmental loads
The passage
acting on most land structures.
of sea waves causes a net lateral load on the
structure which is maximum at the moment when
the crest of the wave strikes and then
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the occurrence of a storm, this cyclic loading
can last for hours. A typical maximum wave in
the North Sea may have a frequency of about
o.o5 to 0.1 hertz, length of about 300 meters
and a possible height of over 15 meters. The
passage of a large ocean wave results in the
generation of a pressure wave at the sea
bottom due to differences in sea level. This
pressure wave is in phase with the water wave
and its relative amplitude is dependent on the
ratio
of wave
height
to water depth.
Investigations have shown that submarine
landslides on relatively flat slopes can be
induced by these pressure waves which produce
cyclic shear stresses in the shallow sea
bottom soils (Bea, et.al (1975), Motherwell
and Wright {1978)).
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Seismicity studies of the earth have shown
that many areas of the ocean are seismically
active,
and
a
high
percentage
of
all
earthquakes occur in the circumpacific belt
including many on or near the continental
shelf (Chandrasekaran and Krishna (1976).
There are, of course, numerous other recorded
earthquakes under the continental shelf,
marginal seas and deep ocean areas.
From an
engineering point of view the primary effects
of earthquakes may be classified roughly as
surface rupture due to faulting,
ground
shaking, soil settlement, soil instability
such as liquefaction and induced water wave
motion.
During an earthquake, energy is
transmitted to the structure in the form of
body or surface seismic waves (Figure 1) which
excite the foundation of the structure causing
response of the superstructure.
This is
opposite to the manner in which transfer of
forces due to wave loading occurs.
cyclic
stresses are generated in the foundation soils
due to the passage of the seismic wave.
The
aurat1on of the earthquake motion is usually
less
than
one
minute
and
predominant
earthquake frequency is in the range of 2 to 5
hertz (Seed (1976)); Peak acceleration may be
u~ to 0.5 g depend1ng upon seismicity of the
s1te. _Earthquake~ may create surface waves by
submar1ne landsl1des or displacements along
fault planes. These waves are called tsunamis
and may be quite destructive in nature.
Severe loads will be imposed by tsunamis on
structures coming in their paths.
Nature of loads imposed by earthquakes and
storm waves is similar in many ways. They are
both characterized by random motion (Figure 2)
and impose cyclic loads on foundation-soil
systems. The significant points of difference
between the earthquake and storm waves are:
1.

Storm waves have periods considerably
longer
than
those
associated
with
earthquake wave motion.
The typical
periods for strong motion earthquakes
range from 0.1 second to 2 seconds
whereas the period of ocean waves during
a storm ranges from 5 seconds to 2 o
seconds.

2.

The duration of a storm is considerably
longer than that of an earthquake.
A
typical strong motion earthquake may have
a duration of 60 to 100 seconds whereas a
strong storm lasts several hours or even
days.
The
number
of
cycles
of

(b)

Fig. 1.

Schematic Diagrams of Offshore
Structures (a) Gravity type
(b) on Piles

decreases and reverses in directions as the
trough arrives.
(Bjerrum (1973)).
As a
result, the structure is subjected to cyclic
loading and the cyclic shear stresses are
transmitted to the foundation soils.
During
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PROBLEMS ASSOCIATED WITH DYNAMIC LOADING OF
MARINE SOilS
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The effect of cyclic loading imposed by the
7nvironmental conditions and seismic loading
~s therefore a very important consideration in
the design of offshore structures.
The
prob~ems.
ar1s~ng
out of
application of
comb1nat1on of static and dynamic loads are:
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of strength due to liquefaction, and

(a)

3.

Instability of the sea floor due to
induced sliding or failure due to loss of
strength accompanying the phenomenon of
liquefaction.

These problems highlight the role of soil
dynamics and necessitate a study of dynamic
response of soils.
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Figure 2. Dynamic Characteristics of Seismic
and Storm Waves (a) Typical Earthquake
Accelerogram, El Centro Earthquake,
Ma¥ 18,1941! NS Component,(b) Typical Wave
He~ght vs T~me Record.
significant loading is therefore many
times larger for a sea storm than those
associated with earthquake phenomenon.
3.

The storm wave loadings are imposed at
the surface of a soil profile while
earthquake loadings are generally input
at some lower boundary to calculate the
seismic response of the soil or the
structure above this level.

Consideration must be given to the inertia
effe<?t7
associated
with
dynamic
loading
cond1t1ons. As a result of the difference in
~requency ~f loading, inertia effects are very
~mportant ~n earthquake analysis and may be of
lesser consequence for storm wave loading.
Also, the maximum cyclic stresses may not be
the same ~or the design earthquake and design
storm. S~nce the soil stiffness is non-linear
and depends on shear strain levels (which
depend
on
magnitude
of
shear
stresses
induced) , the resulting soil stiffness for
seis~ic and storm wave loading will generally
be dlfferent. Because of the small duration
the loading conditions during an earthquake '
may be idealized as "undrained" whereas the
soil loading due to storm wave is at least
partially drained.

4

Studies have shown that soils subjected to
cyclic
loading
may
experience
large
accumulations of strain and reduction in shear
stre~gth
even if the load amplitudes are
cons~derably below the undrained strength of
the soil (Floss, Dahelberg and Kavalstad
(1978), Seed and Chan (1966), and Young, et.al
( 197 5) ) .
Such effects reduce the safety of
the foundation against ultimate failure. The
cumulative effect of many waves during a storm
or because of a strong motion earthquake may
thus induce complete failure due to gradually
increasing deformations in excess of tolerable
values. carefully conducted laboratory tests
can be used to predict soil deformations due
to seismic or wave loading.
Representative
data from such tests can be obtained if a
typical soil sample is subjected to a cyclicstress-time-history similar to the irregular
wave form of the design storm or earthquake.
Although technically feasible, random loading
tests are rarely conducted.
Instead the
"equivalent uniform cyclic loading concept" is
commonly used in design to simulate the
irregular cyclic loading effect.
Cyclic
strength-deformation and liquefaction problems
have been extensively studied for terrestrial
soils (Castro and Poulos (1977), Ishihara
et.al (1975), PUri (1984), Seed (1976), Seed
and Chan (1966), Seed and Idriss (1981), and
steve and Seed (1988)).
Studies have also
been conducted on the cyclic strength behavior
of marine clays (Anderson (1976), Anderson,
et.al (1980), Bjerrum (1973), Goulois, Whitmen
and ~oeg (1985), Knut, et.al (1988), Knut and
Laur~tzsen
(1988), Malden and Dobry (1988),
and Young, et.al (1975)).
These references
deal with several aspects of dynamic loading
of marine soils.
Marr and Christian ( 1981)
also considered the effect initial shear
stre~s on permanent deformations due to cyclic
load~ng
and extended the earlier work of
Hedberg (1977).
Reduction in bearing capacity following cyclic
loading may occur in clayey soils due to
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generation of excess pore water pressures,
reduction in effective normal stresses and
consequent loss of shear strength.
Rowe and
Craig (1979) modelled this problem in the
centrifigue.
Stenhamar and Andersen (1982)
conducted static bearing capacity tests on a
1m x 1m skirted plate resting on stiff
saturated clay.
A series of cyclic shear
loads were then applied to the plate and
static test was again conducted. The results
of horizontal load versus displacement for the
static loading before application of cyclic
load and following the application of cyclic
loads are shown in Figure 3 and indicate
significant reduction in bearing capacity in
this particular case and point out to the fact
that the effect of dynamic loading must be
taken
into
consideration when
designing
foundations for offshore gravity structures.
Cyclic strength of the soil and post cyclic
static strength must be determined in such
cases (Andersen, Kleven, and Heien, 1988).
Andersen and Lauritzsen (1988) presented a
procedure to calculate the bearing capacity of
foundations subjected to combined static and
cyclic loading. The procedure for calculation
of bearing capacity (Andersen and Lauritzsen
(1988) is based on the strength determined
from laboratory tests.
It ensures strain

30

""~

20

~

....\1l
....

"
..,"'
8

Post Cyclic Static Loading

0

10

::t:

I

0

,"'
I

;'

"'

--- -------... - ... - -- -- r - ~
0.3m

llOkN
""'Z"ZZiZ"

0

10
20
30
Horizontal Displacement, mm

Fig. 3.

Horizontal Load vs. Displacement for
Cases of Static Loading and Post
Cyclic Static Loading
(Stenhamer and Andersen 1982).

compatibility of the soil elements along the
potential failure surface and accounts for
redistribution of average stresses during
undrained cyclic loading. The procedure gives
the failure load, the location of the critical
failure surface, and indicates whether the
foundation failure will occur as large cyclic
displacements, large average displacements
(e.g .. settlements), or a combination of the
two.

offshore areas where the soils are saturated,
the tendency for volume decrease gives rise to
increase in pore water pressure in the soil,
resulting in loss of confinement and shear
strength of the soil.
This phenomenon known
as liquefaction, may cause severe damage to
the foundations, conductors, riser lines,
submerged and superstructures due to one or
more of the following reasons:
1.
2.
3.
4.

Loss of lateral support by the soil to
the platform foundations;
Excessive lateral movement of structures;
Larger vertical
settlements
of
the
platform; and
Tilting and overturning of submerged
structures.

Evaluation of liquefaction potential of soils
at any site requires the combination and
interaction of two sets of parameters namely
cyclic loads (seismic motion or wave action)
and
soil
properties,
such
as
grain
characteristics,
relative
density,
soil
structures, fabric, stress history and strain
history. The vibration parameters of interest
are intensity, duration and frequency of
cyclic loading. The present state-of-the-art
on liquefaction behavior of cohesionless soils
has come to a stage that reasonable estimates
of liquefaction potential of such soils can be
made based on the laboratory investigations or
even simple properties such as standard
penetration test and experience during past
earthquakes. (Seed and Idriss (1981), Prakash
(1981)). The cyclic stress approach (Seed and
Idriss (1981); and the Cyclic strain approach
(Dobry, et.al (1982)) are commonly used for
evaluation of liquefaction potential of soils.
Such information on silts and clays of lmv
plasticity
is
not
readily
available.
Ishihara,
et.al
(1975)
conducted
an
experimental investigation to determine the
liquefaction behavior of mine tailings having
clay fines. Puri (1984) studied the behavior
of silts of low plasticity under cyclic
loading.
These studies have indicated that
silts and clays of low plasticity exhibit
potential for large deformation under cyclic
loading even though liquefaction as defined by
pore water pressure becoming equal to initial
effective confining pressure may not occur.
one of the main concerns for offshore
structures such as gravity platforms and pipe
lines is the stability of sea floor soils and
underwater
slopes.
Unstability may be
triggered by stormwave loading or seismic
loading or
both.
Unstability due
to
earthquake can be visualized by referring to
its effect on embankment dams.
Large ocean
waves induce high stresses and movements in
the underlying soil.
These movements can be
appreciably large in soft clays and loose
sediments.
Movements may be induced even on
relatively flat slopes (Bea, et.al (1975)).
As a result of failures such as due to
hurricane
Camille
(Bea,
et.al
(1975)).,
attention has in recent years been directed to
prediction of soil movements due to dynamic
load arising out of wave action or seismic
loading.

Cohesionless soils of loose and medium density
have a tendency get compacted under vibrations
due to decrease in intergranular space.
In

When results on dynamic properties of onshore
soils are extended to offshore soils, the fact
that the marine environment is different from
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properties were also determined by conducting
block vibration, wave propagation and standard
The data of these tests
penetration tests.
was analyzed following the approach suggested
The
by Prakash and Puri (1981, 1988):
relevant pile and soil properties are given
below:

subaerial environment should be kept in mind.
The marine deposits in general show a wide
variation in their distribution and are
saturated with salt water which effects the
mineralogy, ion exchange and bonding of clays.
Also the marine sediments have much larger
void ratios. As far as possible, the dynamic
properties of marine soil should be determined
by conducting tests on representative samples.
Also in designing the offshore structures
dynamic loads due to wave action and seismic
activity should be carefully evaluated and
their appropriate combinations should be used
based on the location of the structure.

Diameter of the piled= 45.0 em.
Embedded length l = 17.0 m.
Young's modulus of concrete EP = 2. 08 x 10 7 kNjm2 •
The weight of pile cap and pile = 26.4 kN
above the mud line.

Many offshore structures are supported on
piles. The rest of the paper is devoted to a
comparison of the observed and predicted

4.595 x 10· 1 kN.mjsec 2
Mass moment of inertia
of pile cap and pile (above mud line) about
the horizontal axis of vibration ~·

0.44

Dynamic Shear Modulus of Soil= 6.37 x 10 4kNjm2
at the level of pile tip G5 •

0.40

records of
During the vibration tests,
frequency of excitation and response amplitude
A typical amplitude versus
were obtained.
frequency plot for one of the tests is shown
in figure 4.

0.36
0.32
Iii)

0.28

eE
.,"'
::l

....
.....
......

c..

~

0.24

Free horizontal vibration tests were also
conducted on this pile by pulling and suddenly
releasing. A typical free vibration record is
The values of observed
shown in Figure 5.
natural frequencies are given in Table 1.

LEGEND
Observed

1:]

Ct.mputed-Parabolic Soil Profile

A

Computed-Uniform
Soil Profile

COMPUTED PILE RESPONSE
Using the soil and pile properties given
earlier, the natural frequency of vertical
vibrations and the natural frequency and
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Typical Free (Horizontal)
Vibration Record

18

16

Typical Amplitude vs. Frequency Plots

response of a single pile subjected
horizontal and vertical dynamic loads.

were
vibrations
horizontal
of
amplitude
computed following the approach suggested by
Novak and El-Sharnouby (1983), Prakash and
Puri (1988), and Beredugo and Novak (1972).
The response calculations were made for the
case of homogeneous soil profile and also for
The
the case of parabolic soil profile.
calculated values of amplitude vs. frequency
data for the case of horizontal vibrations are
A comparison of the
plotted in Figure 4.
observed and predicted pile response is given
in Table 1.

to

PILE TESTS
Forced horizontal and vertical vibration tests
were conducted on a 450 mm diameter pile
driven 17 m into a deposit of clayey silt
A reinforced concrete
(Puri, et.al (1977)).
cap 1. 2 m x 1. 2 m x 0. 8 m high was cast
monolithically with the pile head for mounting
The dynamic soil
the vibration generator.

2129

TABLE 1.

COMPARISON OF OBSERVED AND COMPUTED PILE RESPONSE
OBSERVED VALUES

VIBRATION
MODE

VERTICAL
HORIZONTAL

FORCED
VIBRATIONS

1.

2.

3.

4.

FREE
VIBRATIONS

FORCED
VIBRATION

PARABOLIC SOIL
PROFILE
FORCED
VIBRATION

FREE
VIBRATION

fn, H,

32.2

-

46.0

38.8

-

fn1 Hz

10.3

11.5

30.9

11.89

12.9

-

77.6

45.7

-

Ax mm

OF

UNIFORM
SOIL
PROFILE

ITEM

fn2 Hz

COMPARISON
RESPONSE

COMPUTED VALUES

OBSERVED

AND

0.44

PREDICTED

PILE

0.08745

0.116

dynamic
shear
modulus
values
of
soil
corresponding to low shear strain amplitude
were used in calculating the soil stiffness
values. When the pile is subjected to large
amplitude vibrations, the equivalent soil-pile
stiffness for different modes of vibration
should
be
calculated
by
using
strain
compatible values of dynamic shear modulus for
the soil.
The shear modulus at large strain
amplitudes
is
usually
determined
by
extrapolating the low strain modulus values
(Prakash and Puri (1988)).

The computed natural frequencies of
vertical vibrations of the pile for the
homogeneous and parabolic soil profiles
are 46.0 and 38.8 Hz respectively (Table
1).
The observed natural frequency of
vertical vibrations is 32.2 Hz.
The
computed value of natural frequency for
the homogeneous soil profile is 43%
higher
than
the
observed
natural
frequency of vertical vibrations.
For
the
parabolic
soil
profile,
the
calculated natural frequency is 20.5%
larger
than
the
observed
natural
frequency.

CONCLUSIONS
1.

For the case of coupled rocking and
sliding, the calculated values of the
smaller natural frequency fn 1 are 30.9 and
11. 89
Hz
for
the
homogeneous
and
parabolic soil profiles respectively
(Table 1).
The calculated natural
frequency for the uniform soil profile is
substantially higher than the observed
natural
frequency
of
horizontal
vibrations.
For the case of parabolic
soil profile the calculated natural
frequency is about 15% higher than the
observed natural frequency.

2.

The
computed
natural
frequency
of
horizontal
free vibrations
for
the
parabolic soil profile is 12.9 Hz and is
12% higher than the observed frequency of
free vibrations (Table 1).

The
nature
of
dynamic
loads
on
foundations of offshore structures due to
storm waves and seismic loading suggests
that suitable combination of these loads
should be used in design of these
structures as dictated by their location.
The comparison of observed and predicted
pile
response
shows
that
in
the
particular case examined, the assumption
of a parabolic soil profile yielded
reasonable values of natural frequencies
both for the case of vertical as well as
horizontal vibrations.
The limited
nature of the data, however, does not
justify any general conclusions.
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